Abstract-In this paper, we investigate the relay selection (RS) problem in full-duplex (FD) two-way relay networks, where the relays are wirelessly powered by harvesting a portion of the received signal power from the sources. To the best of the authors' knowledge, this is the first investigation of FD twoway relays with simultaneous wireless and information transfer capabilities. For each relay, we prove the quasi convexity of the power splitting (PS) factor optimization, and obtain the optimal PS factor in terms of the outage probability by linear search. Both single relay selection (SRS) and general relay selection (GRS) without the limit on the number of cooperating relays are investigated and the corresponding RS methods are proposed. Since the optimal GRS problem is computationally intractable with exponential complexity, we propose several low-complexity heuristic GRS methods based on various relay ordering and greedy selection criteria. Simulations indicate that the proposed GRS methods perform better than the SRS methods and achieve very similar performance compared with the optimal RS method achieved by exhaustive search but with dramatically reduced complexity.
limit their lifetime if constant power supply is not available. Among the technologies being studied, energy harvesting has the potential to significantly extend the lifetime of batterypowered devices and, in some cases, to eliminate the necessity of batteries. Besides traditional energy harvesting from sources such as solar, wind, vibration, and heat, a new solution is to exploit the energy carried by radio-frequency (RF) signals.
In the meantime, it is recognized that both energy and information are carried by the same wireless signals. Energy cooperation exploits such a fact by transmitting power and information over separate frequency bands [3] . However, the band allocated for power transfer cannot be used for information transmission. Consequently, the information transmission rate is significantly undermined by the reduced bandwidth. Therefore, the technology of simultaneous wireless information and power transfer (SWIPT) was proposed [4] . Different from energy cooperation, the transmitter in SWIPT transmits energy and information over the same frequency band. In [5] , the study of fundamental tradeoffs in SWIPT was extended to frequency-selective channels. In the literature, SWIPT schemes can be classified into two categories. In one category, the receivers are assumed to be able to extract information and to harvest energy from the received signal simultaneously [4] , [5] . However, practical circuits for energy harvesting from wireless signals are not yet able to directly process the information carried by the signals [6] . This triggers the study of the other category, in which the receivers adopt time switching (TS) or power splitting (PS) to coordinate the information processing (IP) and the energy harvesting (EH). Part of the time or the power of the received signals is allocated to IP and the remaining part is used for EH.
SWIPT has been successfully applied to energy-constrained relays that can harvest energy from the received wireless signals. This type of relays operate mainly or exclusively based on the harvested energy [7] . TS-based relaying and PS-based relaying are two prevalent practical schemes. Each transmission cycle through the relay is divided into two phases in half-duplex (HD) EH relays. In the first phase, the relay receives signals from the source with SWIPT, in either TS or PS manner. In the second phase, the relay forwards the signals to the destination with the energy harvested in the first phase.
Though existing work mostly focused on HD relaying, with the advancement in self-interference cancellation techniques [8] [9] [10] , full-duplex (FD) relay networks are gaining increasing interest due to their significant performance advantages over HD ones [11] . A TS-based FD relaying scheme was proposed in [12] and later extended in [13] . In this scheme, each transmission cycle T is divided into two phases by a TS factor α ∈ [0, 1]. The source-to-relay (S-R) link is used for EH in the first phase, i.e., t ∈ [0, αT), and for IP in the second phase, i.e., t ∈ [αT, T). During the second phase, the relay not only receives information from the source, but also forwards information to the destination simultaneously. In [14] , another FD EH relaying scheme was proposed with equally divided phases. This scheme uses the S-R link for IP in the first phase and for EH in the second phase. Hence, the loopback selfinterference becomes beneficial to the relaying network. These FD schemes utilize the spectral resource in a more efficient manner compared with the HD ones. Nevertheless, the relays in all these FD schemes can only transmit and/or receive information during a fraction of each transmission cycle. Therefore, we proposed to further improve the relaying efficiency by fully exploiting the FD feature via PS-SWIPT in our previous work [15] .
Relay selection (RS) is a practical solution to exploit the cooperative diversity in a wireless network where multiple relays are available. It has been a topic that attracts considerable attention in the academia [16] [17] [18] [19] [20] [21] . Most existing work focused on the RS problem under the assumption that relays transmit over orthogonal channels and have independent power constraints. In this case, it is obvious that selecting only one relay is optimal in terms of spectrum efficiency, since the relay with the highest end-to-end signalto-interference-and-noise ratio (SINR) can achieve the highest rate when acquiring the entire channel bandwidth exclusively. The concept of relay selection was extended to multiple selected relays for relays cooperating in a shared bandwidth in [17] and [18] . In this case, single relay selection (SRS) is no longer optimal, since selecting multiple relays could enhance the signal-to-noise ratio (SNR) at the receiver without dividing the channel bandwidth as in the orthogonal channel allocation case.
The RS problem in energy harvesting relay networks is relatively new. Most existing researches were conducted on HD or one-way relay networks [22] [23] [24] . However, the unique characteristics of FD EH two-way relay networks bring new insights to the RS problem. In EH relay networks, the transmit power of relays is not restricted by the volume of their batteries. Instead, the energy used for relaying is harvested from the received signals. Selecting more relays will not consume extra energy from the batteries as for conventional relays. On the contrary, it helps harvest more energy that can be used for relaying. On the other hand, selecting multiple relays still entails bandwidth splitting to avoid interference among the selected relays. Therefore, the RS problem under such a setup is both interesting and challenging.
Different from existing work in the literature, whose characteristics are summarized in Table I , in this paper, we investigate the characteristics and performance of PS-based full-duplex energy-harvesting two-way (PS-FDEH2W) relay networks and the relay selection problem therein. We focus on EH relays that employ PS as the coordinating method between IP and EH. The transmit power of the relays is exclusively provided by the energy harvesting at the relays themselves. We assume that the relays transmit over mutually orthogonal channels to avoid inter-relay interference in the FD mode. Both SRS and general relay selection (GRS) with an arbitrary number of selected relays are then investigated. Several near-optimal low-complexity RS methods are proposed and evaluated by simulations. Our contributions are summarized as follows.
1) To the best of the authors' knowledge, FDEH2W relay networks are investigated for the first time. We employ PS-based SWIPT at the EH relays, which can enable real FD information transmission in the investigated relaying network and improve the network spectrum efficiency effectively. 2) With PS-based SWIPT, we first derive the end-to-end SINR with respect to the PS factor for each EH relay and prove that the outage probability minimization is a quasiconvex optimization problem. Therefore, the optimal PS factor for each EH relay can be efficiently obtained by one-dimensional search algorithms. 3) As for the SRS problem, which is a simplified version of the GRS problem, the optimization of the PS factor and the relay selection is decoupled due to the fixed number of selected relays (i.e., 1). Based on the optimized PS factor at each relay, we propose two efficient SRS methods for the investigated FDEH2W relay network, aiming at outage probability minimization and sum capacity maximization, respectively. Both SRS methods can achieve near-optimal performance at high SNR. 4) As for the GRS problem, the optimal GRS can be obtained by an exhaustive search among all possible relay combinations. Unfortunately, the complexity is exponential in the number of relays, which prevents the method from being employed in practical applications. Therefore, we first propose three heuristic GRS methods based on the designed worse channel ordering (WCO), channel harmonic mean ordering (CHMO), and worse signal-to-interference-and-noise ratio ordering (WSINRO), respectively, which can achieve suboptimal GRS with very low complexity. To further improve the performance of GRS methods with practical complexity, a greedy GRS method is then proposed that can find the optimal relay ordering so long as it exists.
Although the optimal relay ordering does not always exist, all proposed GRS methods are shown to outperform both the SRS methods and the all participate (AP) method while achieving near-optimal performance. The rest of this paper is organized as follows. Section II introduces the system model of our proposed PS-FDEH2W relay network as well as the corresponding RS problem formulation. Section III presents the PS factor optimization and the SRS problem. The GRS problem is discussed in Section IV and various GRS methods are proposed. Simulations and corresponding discussions are presented in Section V to evaluate the performance of our proposed RS methods in terms of the outage probability and the sum capacity. Finally, Section VI concludes this paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model
As shown in Fig. 1 , in this paper, we investigate a PS-FDEH2W amplify-and-forward (AF) relay network. All involved nodes, including two sources and N relays, operate in FD mode, which means that they transmit and receive signals simultaneously over the same frequency band. We assume that no direct link exists between the sources and the sources have perfect knowledge of all channels, while each relay only knows the channels related to itself. The relay selection is processed at the sources and the decisions are then broadcast to the involved relays.
The relays receive signals from both sources. The selected relays amplify the received signals and transmit the combined signals back to the sources simultaneously, so that the sources can extract the information sent from the other side. At each relay, the received signals are split according to a power ratio of ρ j : (1 − ρ j ) for IP and EH, respectively. The harvested energy is transferred to the batteries for temporary storage and then used to power the transmission circuits.
In order to avoid the potential inter-relay interference due to the FD operation mode of the relays, we assume that orthogonal channels with equal bandwidth are allocated to the selected relays, and the received signals from multiple relays are combined at the sources. 1 Let R denote the set of the selected relays. The total bandwidth available to the network is W. Then, each selected relay occupies a channel with bandwidth W/|R |, where | · | represents the cardinality of a set. Note that such bandwidth allocation for the relays is different from many RS-oriented work in the literature. This difference, along with the EH components of the relays, results in interesting variations in the optimal RS strategy. We will discuss these variations in detail in Sections II-B and IV.
The channel response between S i (i = 1, 2) and R j ( j = 1, 2, . . . , N) is denoted by h ij . The self-interference due to the FD operation mode can be effectively suppressed by various self-interference mitigation methods [10] . However, the residual self-interference still plays an important role in the performance of the network. Therefore, in order to investigate the impact of residual self-interference, it is necessary to model it at each FD node explicitly. In this paper, the residual self-interference channel response of S i and R j are denoted as S i and R j , respectively. Note that these are the equivalent channel responses after self-interference mitigation. Then, the received signal at R j is
where x R j denotes the transmitted signal from R j . The antenna noise and processing noise at the relays are represented by w A j and w P j , whose distribution follows CN (0, σ 2 A ) and
, respectively, where σ 2 A = N A W/|R | and σ 2 P = N P W/|R |. N A and N P denote the corresponding noise power spectral density.
The received signal y R j at R j is then split for IP and EH with a power ratio of ρ j :
If R j is selected to cooperate, then y IP j is amplified and forwarded to the sources. Let β j denote the amplification factor at R j . The transmit signal at R j is
Then the required transmit power at R j with amplification factor β j is
Note that the investigated EH relays do not rely on additional power sources and all the energy used for transmission at R j is harvested from y EH j . This means that the transmit power equals to the harvested power on average. Given the EH efficiency ξ , the allowable transmit power at R j is
Combining (5) and (6), we obtain the value of β j as
This approximation is justified as ρ j E[|y R j | 2 ] σ 2 P in practical networks. Otherwise, the end-to-end SINR would be very small if the signal and interference could not dominate the received power at the relays.
The received signal at S i via the jth relay is
where w ij is the noise at S i , which follows the distribution
with σ 2 S = N S W/|R | and N S is the noise power spectral density at the sources.
The received signals from multiple relays are combined at the sources. Let γ ( j) S i denote the SINR of the received signal at S i via R j . The capacity of the link from S 2 to S 1 can be calculated as
and same for the link from S 1 to S 2 , mutatis mutandis.
B. The Relay Selection Problem
In this paper, we consider two important performance metrics for the relay selection problem, that is the outage probability and the ergodic sum capacity. The outage probability is defined as (10) where C th is the outage threshold below which the capacity is considered as unacceptable. The ergodic sum capacity is defined as
in which the expectation is taken with respect to channel realizations. The relay selection problem can be formulated as
where J(R , ρ) is an objective function whose value varies with the set of selected relays R and the corresponding PS factors ρ. The specific forms of the objective function will be discussed in detail in Sections III and IV. For conventional relay networks without energy harvesting, the relays operate on their own battery. Therefore, selecting more than one relay to cooperate may not be desirable in terms of energy efficiency. For energy-harvesting relay networks, however, each relay harvests energy from its received signals independently. Consequently, selecting more relays would not increase the energy consumption. Instead, more energy would be harvested from the signals transmitted by the sources and the received SINR would be enhanced.
The downside of selecting more than one relay is that the selected relays still need to transmit and to receive over orthogonal channels, meaning that different segments of the frequency spectrum are assigned to different relays. As a result, the all-participate (AP) method is not necessarily optimal for EH relay networks either. This tradeoff between the SINR and the bandwidth utilization makes the investigated RS problem more interesting.
On the other hand, the general RS problem is a nonlinear 0-1 programming problem, which is known to be NP-complete. It is intractable in practice due to its exponentially increasing complexity with respect to the number of relays. For simplicity, we first focus on the single relay selection (SRS) methods in Section III. Then, we further study the more complicated general relay selection (GRS) problem in Section IV.
III. SINGLE RELAY SELECTION
We first consider a scenario where only one relay is selected each time, i.e., |R | = 1. With this additional constraint, solving the RS optimization problem is computationally tractable, with the complexity of merely O(N). To achieve different goals, we present the following two SRS criteria: the outage probability, which captures the fairness of the selection method, and the sum capacity, which captures the overall network performance.
Note that for these criteria, the optimization of the PS factor is independent of the relay selection. Therefore, the joint optimization is equivalent to optimizing ρ j first for each relay and selecting the best relay in the second step.
A. Minimum Outage Probability
First, we consider the SRS methods aiming to minimize the outage probability of the network. Note that for each channel realization, minimizing the outage probability is equivalent to maximizing min(C S 1 , C S 2 ), which in turn is equivalent to maximizing min(γ
). Therefore, the SRS problem with minimum outage probability is formulated as
where
) is the objective function if the jth relay was selected, i.e., R = {R j }.
For each relay R j , we first find the optimal PS factor that minimizes the outage probability if R j is selected. Then we find the best relay with their respective ρ * j . To investigate the properties of this optimization problem, we first derive the SINR of the received signals at the sources.
The
where P S denotes the source transmit power andī is the index of the other source. The expectation is taken with respect to source symbol realizations. Only the first term on the right-hand side of (14) corresponds to the useful signal from the other source S¯i. Hence, given the amplification factor in (7), the end-to-end SINR of the S¯i → R j → S i link is given in (15) , as shown at the bottom of this page.
Proposition 1: The objective function J ( j) P out for R j is quasiconvex with respect to the power splitting factor ρ j over the open interval (0, 1).
Proof: See the Appendix. Apparently, neither ρ j = 0 nor ρ j = 1 is the minimizer of J ( j) P out . Therefore, Proposition 1 guarantees that we can find a ρ j that achieves the globally minimum outage probability for ρ j ∈ [0, 1] by local search methods, such as the method of gradient descent or the Newton-Raphson method [27] . Since these methods are well-studied and are suitable for quasi-convex optimization problems, we will not expand our discussion on this subject in this paper.
B. Maximum Sum Capacity
In this subsection, we discuss the RS criteria that maximize the sum capacity in both directions. Hence, the problem is formulated as
Note that the conclusion drawn from Proposition 1 is not applicable to the maximum sum capacity SRS. Although we can always apply the same optimization algorithm to this problem, the solution is not necessarily the global optimum. However, through our simulations in Section V, we find that the obtained solutions almost always yield good results in terms of sum capacity.
IV. GENERAL RELAY SELECTION
As explained in Section II-B, neither the SRS methods nor the AP method is the optimal RS method under all circumstances. Therefore, it is necessary to further investigate the GRS problem for EH relay networks.
Since the optimal GRS problem is computationally intractable with exponential complexity, some heuristic algorithms have been proposed to solve the GRS problem for conventional relay networks without energy harvesting [17] , [18] , [28] . In this section, we also propose two types of heuristic GRS methods for the investigated FDEH2W relaying networks.
A. GRS Methods Based on Relay Ordering
An intuitive way to simplify the GRS problem is to find an optimal relay ordering in which the predecessors should always have higher priorities to be selected than the successors. More rigorously, for an optimal relay ordering (τ 1 , τ 2 , . . . , τ N ) , the relay selection R * N = {R τ 1 , R τ 2 , . . . , R τ N } is optimal among all relay selection sets with N relays, where 1 N N. Correspondingly, a function ψ(h 1j , h 2j ) that could induce such an ordering by a descending sort is called an optimal relay ordering function.
After the optimal relay ordering is obtained, the remainder of the problem is to determine the number of relays to select. Finding the number of cooperating relays can be achieved with N iterations. Therefore, the complexity is linear in the number of candidate relays N, which is much lower than the exponential complexity of the original GRS problem.
Proposition 2: For FDEH2W relay networks with more than 2 available relays, the optimal relay ordering does not always exist. Obviously, R * 1 ⊂ R * 2 and, hence, the optimal relay ordering does not exist in this case. This example can be easily extended to cases where N > 3 by making |h ij | 2 → 0, ∀i ∈ {1, 2} and j > 3. Therefore, the optimal relay ordering does not always exist for FDEH2W relay networks with 2 or more available relays.
Although the optimal relay ordering may not exist in some cases, we can still adopt the idea of relay ordering to achieve sub-optimal RS with low complexity. Therefore, we propose three sub-optimal relay ordering functions for the investigated FDEH2W relaying networks.
1) Worse Channel Ordering (WCO):
The WCO function is defined as the lower channel gain between the S 1 ↔ R j and the S 2 ↔ R j channels
2) Channel Harmonic Mean Ordering (CHMO):
The CHMO function is defined as the harmonic mean of the same two channel gains
3) Worse SINR Ordering (WSINRO): Given that only R j is selected to cooperate, the WSINRO function takes value as the lower SINR between the S 1 → S 2 and the S 2 → S 1 links
B. A Greedy GRS Method
The relay ordering functions proposed in the previous subsection are heuristic and sub-optimal. And simulations show that they do not perform as well as the optimal GRS method. In order to improve the performance of GRS, we further propose a greedy GRS method to achieve near-optimal RS. The greedy GRS method starts with R 0 = ∅ and gradually adds the relays one by one as
and ρ * is the vector of optimal PS factors for all the candidate relays.
Finally, we choose R * as the optimal set of relays to be selected among R 1 , R 2 , . . . , R N according to
The computational complexity of this greedy GRS method in terms of the number of available relays is obviously O(N 2 ). Note that R i ⊂ R j for i < j. Hence, the greedy GRS method would find the optimal relay ordering if it does exist. In other words, the proposed greedy GRS method should perform at least equally well as the relay ordering based methods presented in Section IV-A.
V. SIMULATIONS
In this section, we present simulations to evaluate the performance and characteristics of the proposed RS methods. In the simulations, parameters are set as in Table II and all channels follow Rayleigh fading. As for the residual selfinterference channel gain, −85 dB to −15 dB is considered as a pragmatic range. The self-interference channel gain without cancellation is approximately −15 dB [14] and practical selfinterference cancellation can already suppress the interference by 70 dB or more [10] . Therefore, we set E[| S i | 2 ] to −85 dB as the self-interference is unambiguously harmful at the sources. E[| R j | 2 ] is set to −85 dB except for the simulation in Section V-C, where the effect of self-interference cancellation is under investigation. 
A. Performance Comparison
We first investigate the performance of the proposed RS methods with various source transmit SNR as presented in Figs. 2-4 .
When the source transmit power is low, the AP method performs better than the SRS method in terms of sum capacity. This is mainly because the AP method could harvest more energy and enhance the overall SINR at the sources. Whereas when the source transmit power is high, selecting the best relay that could utilize the channel bandwidth more efficiently becomes more important, since the best relay can harvest considerable amount of energy by itself already. As a result, the SRS method outperforms the AP method, at the cost of marginally increased complexity.
In Fig. 3 , however, the AP method yields better outage probability than the SRS at high SNR. This is on the contrary to the performance shown in Fig. 2 . To further investigate this phenomenon, we plot the empirical cumulative distribution function (CDF) of the minimum capacity of the two directions in Fig. 4 . Note that, by definition, the value of the CDF at C th is the outage probability if C th is chosen as the threshold. We can see clearly from this figure that the choice of the outage threshold affects the relative relationship of the outage probability of the RS methods. At the transmit SNR of 25 dB, the SRS method has higher outage probability than the AP method if the threshold is small. The order is reversed if a higher threshold is chosen at the same SNR. The threshold for outage is set to 0.5 bps/Hz while plotting Fig. 3 . And that explains why, at high SNR, the SRS method yields higher outage probability in Fig. 3 while achieving higher average sum capacity in Fig. 2 .
As for the proposed GRS methods, all of them achieve at least as good performance as the SRS and the AP methods uniformly across different source transmit power. Also from Figs. 2 and 3, we find that all the proposed GRS methods based on WCO, CHMO, and WSINRO, as well as the greedy GRS method achieve very close performance in terms of sum capacity and outage probability compared with the optimal RS method based on exhaustive search.
From this set of simulations, we can conclude that the SRS and the AP methods are near-optimal for high SNR and low SNR situations, respectively. This observation is corroborated in the following two aspects. In Fig. 2 , the AP method has similar performance with the GRS methods at low SNR and the SRS methods achieves similar performance with the GRS methods at high SNR. From another perspective, it is also supported by simulation results presented in Fig. 5 . The average number of selected relays by the GRS methods, including the exhaustive search method, eventually reduces to 1 as the source transmission power increases. This observation is fundamentally different from that in the conventional RS problem, where SRS is always optimal [16] .
In all these figures, all of the proposed GRS methods achieve near-optimum performance in terms of both the sum capacity and the outage probability, especially for the WSINRO based GRS method and the greedy GRS method. Although difficult to observe from the figures, the gap between the WSINRO based GRS method and the exhaustive search does exist. This means that the WSINRO is not the optimal relay ordering and the GRS method based on it is not optimal either. From a practical perspective, however, we believe the WSINRO based GRS method and the greedy GRS method achieve good compromise between complexity and performance.
B. Number of Relays
The number of available relay candidates that are available for selection also affects the performance of the RS methods. As shown in Fig. 6 and Fig. 7 , because of the diversity gain brought by the relays, increasing the number of relay candidates benefits all the RS methods except the AP one. When the number of available relays is large, selecting all of them causes the bandwidth to be split into too many subbands. As a result, the SINR gain brought by the extra power harvested by the relays is no longer large enough to overcome the capacity loss due to the bandwidth reduction, especially at high SNR. Therefore, the performance of AP is not monotonically increasing with the number of relays.
The GRS methods also uniformly outperforms both the SRS and the AP methods. In addition, in terms of both the sum capacity and the outage probability, the performance gap between the GRS methods and the SRS methods increases when the number of relays N increases from 2 to 6 and stabilizes thereafter. When N is small, the GRS methods tend to select all "good" relays and the number of selected relays increases along with N. When N is large, the number of selected relays stops growing as N keep increasing. Hence, increasing N will not provide as much extra benefit for GRS over SRS as it does when N is small. As a result, the performance gap gradually stops increasing. This statement is corroborated by Fig. 8, which shows the average number of selected relays of the four proposed GRS methods while optimizing sum capacity and outage probability, respectively. In fact, the number even slightly declines when N > 6. This is reasonable since the chance of having "better" candidate relays increases as N increases and fewer relays tend to be selected. It is similar as the phenomenon presented in Section V-A where the SRS methods perform almost as well as the optimal RS method at high SNR.
Another important insight that can be drawn from this set of simulations is that the greedy GRS method is demonstrated to be sub-optimal. As observed in the zoom-in windows in Figs. 6-8, the greedy GRS method does not perform as well as the optimal GRS method. In addition, the average number of selected relays by these two methods are also different. These observations indicate that the greedy GRS method, at least in Outage probability comparisons with varying residual selfinterference channel gain. some occasions, selects different subsets of relays with the optimal GRS method. Furthermore, because the greedy GRS method is guaranteed to find the optimal relay ordering if it does exist, these phenomena corroborate Proposition 2 that an optimal relay ordering does not always exist.
C. Effects of Self-Interference at the Relays
The sum capacity and the outage probability with different self-interference channel gains are shown in Fig. 9 and Fig. 10 , respectively. E[| R j | 2 ] varies from −55 dB to −15 dB. The transmit SNR is set to 20 dB, with other settings unchanged.
In Fig. 9 , we observe that the sum capacity is monotonically increasing when the residual self-interference channel gain becomes weaker. And it begins to plateau when E[| R j | 2 ] is below −30 dB. Intuitively, however, there should be a nonzero optimal E[| R j | 2 ] for such EH relay networks, since the system could benefit from the loopback interference at the relays as an additional source of energy that can be harvested. Nonetheless, as we can see in (15) , the end-to-end SINR is monotonically decreasing with E[| R j | 2 ]. This is caused by the approximation made in (7), which assumes the power of the received signals at the relays is much larger than that of the processing noise. In this case, the power harvested from the self-interference is simply too little to overcome its undesirable effect, namely the SINR degradation at the relays.
In Fig. 10 , the outage probability curves of the SRS and the AP methods cross over each other between −20 dB and −15 dB. This phenomenon is absent in the sum capacity performance in Fig. 9 . The reason is similar to that explained in Section V-A. That is the behavior of the outage probability is highly sensitive to the threshold of outage capacity, especially for the AP method whose capacity distribution is more concentrated around its mean than the SRS method.
VI. CONCLUSION
In this paper, we introduced PS-based SWIPT into fullduplex two-way relay networks and studied the relay selection problem therein. Based on the received SINR at the sources in FDEH2W networks, the quasi-convexity of the PS factor optimization was proved, and the optimal PS factor for each relay was obtained by one-dimensional search. In addition, we proposed two efficient SRS methods based on the optimized PS factor at each relay. Both SRS methods perform almost identically to the exhaustive search based optimal RS at high SNR. Then we investigated the GRS problem. Given the fundamental differences of the FDEH2W networks from conventional multi-relay networks, we proved the suboptimality of SRS. Nonetheless, the optimal GRS can only be obtained by exhaustive search with exponential complexity in the number of available relays. Hence, three relay ordering based GRS methods with linear complexity and a greedy GRS method with quadratic complexity were proposed. Despite the fact that the optimal relay ordering does not always exist, our proposed GRS methods achieve near-optimal performance with much lower complexity than the exhaustive search. 
Since both maximization and composition with a nondecreasing function preserve quasi-convexity, and f (x) = − |h ij | 2 |h¯i j | 2 P¯i x is a non-decreasing function for x > 0, J is quasi-convex and that concludes the proof.
